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ingly apparent, it will be interesting to determine whether
endocytosis in mammalian cells reveals a conserved
function for the Arp2/3 activating protein WASP and
whether clathrin-independent endocytosis bears any
similarity to the clathrin-independent endocytic path-
ways of yeast.
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Eater: A Big Bite into
Phagocytosis
The phagocytosis of invading microorganisms by
specialized blood cells is a crucial element of innate
immunity in both mammals and insects. In this issue
of Cell, Kocks et al. (2005) demonstrate that Eater, a
scavenger receptor, plays an important role in the
recognition and phagocytosis of bacteria in the fruit
fly Drosophila.
Phagocytosis is an evolutionarily conserved process that
is essential for a variety of biological events including
the elimination of microorganisms, activation of innate
and adaptive immune responses, removal of apoptotic
cells, and tissue remodeling during development. Re-
ceptor-mediated recognition of infectious microbes is
a key early step in phagocytosis. In mammals, phago-
cytic cells, such as macrophages, express a large
number of surface receptors that recognize and engulf
microbes. Among these, the Fc receptors, the comple-
ment receptors, and the integrins bind to particles
opsonized by IgG, complement, and fibronectin/vitro-
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onectin, respectively. Scavenger receptors are also
important phagocytic receptors that bind to diverse li-
gands such as acetylated low-density lipoprotein, poly-
ribonucleotides, lipopolysaccharide, as well as whole
bacteria (Stuart and Ezekowitz, 2005). All of these re-
ceptors initiate various intracellular signaling pathways
to direct the cytoplasmic remodeling required for inter-
nalization, phagosome maturation, and the destruction
of microbes. In this issue of Cell, Kocks et al. (2005)
identify Eater, a scavenger receptor in the fruit fly Dro-
sophila that mediates the phagocytosis of bacterial
pathogens.
Drosophila has three types of blood cells (hemo-
cytes): crystal cells (which contain enzymes that trigger
the phenoloxidase cascade following parasitization or
wounding), lamellocytes (which encapsulate large patho-
gens such as eggs from parasitoid wasps), and plasma-
tocytes (which are highly phagocytic and comprise the
majority of the blood cell population). Plasmatocytes
are similar to mammalian macrophages (Meister, 2004).
Previous studies in insects have identified a number of
conserved proteins, including pathogen receptors,
complement-like factors, and cytoskeletal proteins that
are involved in phagocytosis (Moita et al., 2005; Pearson
et al., 2003; Rämet et al., 2001). However, the molecular
mechanisms of phagocytosis in Drosophila are less
well characterized than the antimicrobial peptide re-
sponse, exemplified by the Toll and the immune defi-
ciency (IMD) signaling pathways, and only a few genes
have been implicated in phagocytosis.
Using microarray analysis, Kocks and colleagues
identified 46 genes that show decreased expression in
a Drosophila cell line, called Schneider 2 (S2), following
RNAi targeting of Serpent, a transcription factor that is
equired for phagocytosis and hemocyte differentiation
Rämet et al., 2002). Kocks and colleagues targeted
ach of these genes by RNAi in S2 cells in order to
etermine their individual roles in phagocytosis. This
nalysis revealed one gene, which the authors call
ater, that has a clear role in the phagocytosis of bacte-
ia, either Escherichia coli or Staphylococcus aureus.
NAi of the eater gene decreased phagocytic activity
y 70% relative to the control cells. Consistent with a
ole in phagocytosis, in Drosophila larva, eater mRNA
s predominantly expressed in the plasmatocytes and
he lymph glands but not in crystal cells, lamellocytes,
r the fatbody, which are cells and organs not involved
n phagocytosis.
The characterization of mutant flies demonstrates
hat Eater plays a critical role in phagocytosis in vivo.
hagocytosis of several bacterial species, including
. marcescens and S. aureus, is reduced by up to
80% in plasmatocytes from fly larvae that lack Eater.
et, these same plasmatocytes were unaffected in
ther hemocyte activities including endocytosis and
he phagocytosis of India ink. Similarly, phagocytosis
f bacteria was strongly reduced in adult eater mutant
lies, and the expression of wild-type Eater in hemo-
ytes partially rescued this phenotype. Moreover, eater
utant flies were hypersusceptible to natural oral infec-
ion with S. marcescens. A similar effect is observed in
lies in which phagocytosis has been inhibited by
ther means.
eater is predicted to encode a cell-surface receptor
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191with 32 typical EGF-like repeats, which is similar to a
scavenger receptor from the flesh fly that has been im-
plicated in tissue remodeling. Interestingly, the charac-
terization of Eater is the first indication that EGF-like
repeats are involved in microbial recognition. In vitro,
the N-terminal 199 amino acids of Eater, including the
N-terminal domain and two of the EGF-like repeats,
bind to Gram-negative and Gram-positive bacteria, as
well as to yeast. Thus, like other scavenger receptors,
Eater appears to recognize a broad range of microbial
pathogens. Also typical of scavenger receptors, the
binding of Eater to bacteria could be blocked by addi-
tion of an excess of acetylated low-density lipoprotein,
a scavenger ligand.
The loss of Eater has a more dramatic effect on
phagocytosis than has been previously observed with
mutants in other receptors implicated in phagocytosis.
In an earlier study, Rämet et al. (2001) identified the
scavenger receptor dSR-CI as a pattern-recognition re-
ceptor that binds to bacteria but not to yeast. This re-
ceptor is responsible for a minor portion (20%–30%) of
the total binding of bacteria by S2 cells and is required
for optimal phagocytosis. These findings suggested
that additional receptors may be involved in phagocy-
tosis. Also, using an RNAi-based screen in S2 cells,
Rämet et al. (2002) reported 34 gene products that are
implicated in the phagocytosis of bacteria. Among
these genes is the peptidoglycan recognition protein
LC, which is involved in the engulfment of Gram-nega-
tive, but not Gram-positive, bacteria. Moita et al. (2005)
reported a similar result for peptidoglycan recognition
protein LC (PGRP-LC) in the mosquito Anopheles gam-
biae. Furthermore, Watson et al. (2005) demonstrated
that the immunoglobulin superfamily receptor Dscam
(Down syndrome cell adhesion molecule) binds to bac-
teria and is required for efficient phagocytosis by larval
plasmatocytes. Decreased Dscam expression results
inw30% reduced phagocytosis. Alternative splicing of
Dscam potentially producesw38,000 isoforms (w18,000
in fat body cells and hemocytes) with distinct extracel-
lular domains, only some of which bind to E. coli. There-
fore, Dscam alone could provide a broad diversity of
pathogen recognition in Drosophila, as a cell-surface
receptor and/or a secreted, circulating opsonin.
Although Eater clearly plays an important role in the
phagocytosis of pathogens in Drosophila, many ques-
tions still remain unanswered. How do different pattern-
recognition receptors physically and functionally interact
with each other to effectively control phagocytosis?
Simultaneous silencing of the genes dSR-CI, PGRP-LC,
and eater decreases phagocytosis of bacteria by S2
cells to a greater extent than silencing of eater alone.
This suggests that multiple receptors cooperate in the
recognition and engulfment of microbes. These results
need to be further tested using biochemical methods
and genetic approaches in order to determine whether
these multiple receptors are simply redundant or
whether they play distinct roles in phagocytosis. For
example, phagocytosis involves multiple steps, such as
opsonization, binding of microbes, phagosome matura-
tion, phagosome-lysosome fusion, and microbial kill-
ing. The question is do these different receptors, each
implicated in phagocytosis, control different steps in
the process or do they have overlapping and partiallyredundant functions in microbial recognition? Is the
binding of Eater to microorganisms in vivo direct or are
there other receptors and co-receptors that cooperate
to provide specificity in recognition? Also, Moita et al.
(2005) have shown that three thio-ester containing
complement-related proteins from mosquito—TEP1,
TEP3, and TEP4—are required for efficient phagocy-
tosis of bacteria. Similar to mammalian complement
factors, TEP1 in A. gambiae opsonizes bacteria via a
thio-ester bond (Levashina et al., 2001). The Drosophila
genome also encodes six TEP proteins that have re-
cently been linked to phagocytosis, with certain TEPs
being required for the phagocytosis of distinct classes
of microbes (Stroschein-Stevenson, Foley, O’Farrell,
and Johnson, personal communication). It will be inter-
esting to learn how opsonins, such as the TEPs and
secreted Dscam isoforms, interact with the various cell-
surface receptors involved in phagocytosis in insects.
Another question is how these cell-surface receptors
regulate the intracellular pathways that direct cytoskel-
etal remodeling and membrane trafficking, which are
required for internalization and digestion of microbes?
And finally, is phagocytosis coupled to the antimicrobial
immune response? Although PGRP-LC activates the
IMD pathway (Choe et al., 2002; Gottar et al., 2002) in
addition to its minor role in phagocytosis (Rämet et al.,
2002), eater mutant flies respond normally to stimula-
tion of the IMD and Toll signaling pathways (Kocks et
al., 2005). This suggests that Eater is not involved in
antimicrobial peptide signaling pathways in insects.
However, it is not clear whether other factors may coor-
dinately regulate antimicrobial peptide gene expression
and phagocytosis. Given the powerful genetic and mo-
lecular tools that can be used in Drosophila, it is likely
that more players in phagocytosis will be discovered
and that many of these questions will be answered in
the near future.
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